a Even though anthropogenic nano-sized tungsten carbide nanoparticles (WC NPs) have been found in the environment, there are currently no investigations on their environmental fate. This work studies the interaction between natural organic matter (NOM) and WC NPs, as well as the potential uptake by the aquatic model organism Daphnia magna. We here show that the affinity between WC NPs and humic acid or dihydroxybenzoic acid (DHBA), which are model molecules of NOM, is very low with no observed surface adsorption. The lack of a stabilizing effect of these organic molecules, in combination with a relatively high effective density of WC NP agglomerates in humic acid, resulted in the substantial agglomeration and sedimentation of the WC NPs. A higher stability of the smaller sized WC NP agglomerates (<150 nm) means that this fraction is mobile and can be transported to other settings, suggesting that this particle fraction should be considered in further studies. The dissolution of tungsten from WC NPs was continuous and the relatively slow dissolution rate (on the order of 0.03 mg m −2 h −1
Introduction
Tungsten carbide (WC) is used in several applications, including cutting and drilling tools, studded tires, and bullets. 1 Nanoscale WC is deliberately used in for example catalysis, 2, 3 coatings, 4 and sensors. 5 These uses of WC cause the dispersion of tungsten into the environment, 6 and tungsten has for example been detected in the vicinity of military facilities. 7 In addition, small sized WC particles have been detected in street dust (size range of 0.1-1.4 μm), 8 in particles sized <1 μm in roadside snowpacks, 9 and in the nano-sized fraction (PM 0.1 ) in air in road tunnels. 10 The WC particles in street dust have been attributed to the wear of studded tires and have e.g. resulted in a higher content of tungsten in degraded organic matter (humus) under urban conditions compared with that under rural conditions.
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The toxicity of tungsten is in general considered to be low, 12 with e.g. a reported EC50 value of 89.4 mg L −1 for W 6+ for
Daphnia magna. 13 There are however some forms of tungsten that are more potent, e.g. polymerized tungsten. 14 Tungsten alloys have shown to affect soil respiration when present at high enough concentrations. 2 Nano-sized WC has not been seen to induce acute cytotoxicity in human pulmonary cells, rat neuronal and glial cells or human skin but has been linked to oxidative stress.
No studies on the interaction between tungsten and natural organic matter (NOM) are reported in the scientific literature. 1 NOM has been shown in studies of other metal NPs to play an important role as a moderator of particle stability. 15 The lack of data on WC NP-NOM interactions, including stability in terms of agglomeration and transformation/dissolution, hinders the prediction of their environmental fate and the assessment of their potential environmental risks upon dispersion. Hence, the question still remains if nanoscale WC can constitute a risk, 12 e.g. for aquatic organisms, since
water from e.g. roads is flushed into lakes and ponds. This warrants further studies on the environmental dispersion of nano-sized WC. This study aims to give insights into the environmental fate of WC NPs by considering their transformation/dissolution in environmentally relevant matrices, as well as their potential interaction with D. magna from a natural food chain perspective. Our studies mimic the initial stages of an exposure scenario where WC NPs are released from e.g. studded tires and dispersed into an aquatic setting. The approach can thus be seen as a first step towards assessing the risks of dispersed WC NPs. Daphnia magna is an important species as it serves as fodder for e.g. fish, which may cause effects in the food chain due to bioaccumulation if the NPs are taken up by D. magna. 16 There are presently no reports on the uptake of WC NPs, and in order to address this knowledge gap, we investigated the acute toxicity induced by WC on D. magna and quantified the uptake of WC NPs. For other nanomaterials such as silver and titanium dioxide, the uptake has been shown to be significant. 17, 18 The interaction between WC NPs and synthetic surface water with dihydroxybenzoic acid (DHBA), a model molecule for small organic degradation products, 19 or humic acid was investigated. Measurements were performed to deduce the size of particle agglomerates, the extent of sedimentation, the surface characteristics, and the release of tungsten. The effective density of the WC agglomerates was determined to gain insights into their transport properties.
Materials and methods

Simulated surface water solutions
Simulated surface water (SW), containing 0.0065 g L 20 Humic acid was prepared by dissolving it in 1 mL of 0.1 M NaOH, followed by vigorous stirring. This solution was then diluted in SW and checked with Dynamic Light Scattering (DLS) to ensure the complete dissolution of humic acid. All pieces of equipment (vials, flasks, tubes, etc.) in contact with the solutions were acid-cleaned in 10 vol% HNO 3 for at least 24 h and rinsed at least four times with ultrapure water.
Nanoparticle dispersion
WC NPs were purchased from American Elements, Los Angeles, CA, USA (<100 nm, W-C-03M-NP.100N, Lot # 1221393479-611, 99.9% metal basis purity).
Sonication was performed using a probe sonicator (Branson Sonifier 250, Ø 13 mm, 400 W output power, 20 kHz). The calibration of the acoustic energy delivered during sonication was based on the established protocols for NP dispersion. 21 It involves a calorimetric method to calibrate the delivered acoustic energy by adjusting the probe sonicator amplitude. For the probe used in this study, a 20% sonication amplitude (continuous mode) for 180 s was used. These settings correspond to a delivered acoustic energy of 1440 J. See more details elsewhere. 22 NPs with concentrations of 1 g L −1
were sonicated for 180 s in ultrapure water in Scint-Burk vials (WHEA986581, Wheaton Industries Inc., USA). The glass vials were positioned in an ice-filled bowl with the sonication probe inserted between the upper quarter and the upper half of the solution in the vial. NP dispersions from these stock solutions were then diluted to reach a final particle concentration of 0.1 g L −1 and used directly after the dispersion.
Sedimentation rate and metal release investigations 6 ± 0.2 mg of WC NPs was introduced into an acid-cleaned glass vial. 6 mL of MilliQ water was added to the vials (stock solution, 1 g L −1 NPs) and the NPs were dispersed using sonication as described above. 1.5 mL of the sonicated stock solution was pipetted to an acid-cleaned 60 mL PMP Nalgene® jar and diluted with the solution to a final concentration of 0.1 g L −1 NP (total volume of 15 mL). This was repeated twice, generating three replicates. A blank sample without any NPs was prepared in parallel. The replicates and the blank sample were incubated at 25°C (bilinear shaking at 22 cycles per min, 12°inclination, Platform-rocker incubator SI80, Stuart) for 1, 2, 4, 6, 24, and 528 h (22 days). A new stock solution was freshly prepared just before the start of exposure. After incubation, 5 mL of each replicate was pipetted to an acid-cleaned plastic tube and another 5 mL was filtered through an inorganic membrane filter (0.02 μm, 25 mm diameter, alumina, Anotop 25 syringe filter, GE Healthcare Life Sciences) to an acid-cleaned plastic tube. The samples were diluted with a 5 mL 50/50 mixture of 0.2 wt% NaOH/30 vol% H 2 O 2 , sonicated in a sonication bath for 1 h (at 25°C), and stored for at least 4 days at room temperature prior to solution analysis. This digestion procedure was sufficient for complete particle dissolution, with a mean recovery of 89%, ranging from 82 to 98%. In addition, three dose tests (triplicates) were prepared from every stock solution directly after sonication in order to determine the actual dose for each exposure, as the real dose can be lower than the nominal dose due to sedimentation. 22 3 × 0.25 mL was pipetted from each stock solution after sonication and digested as described above.
Validation of sample preparation and digestion procedures
Since ultracentrifugation was found to be insufficient for solid-liquid separation of particle suspensions, an inorganic 0.02 μm membrane filter was used. In order to estimate the potentially induced errors due to either contamination from or adsorption of metal ions on the membrane, solutions of different known ion concentrations of W (from Perkin Elmer W standard) were prepared and filtered. Both filtered and non-filtered samples were analyzed for the total W concentration, showing some adsorption of W on the filter (<10%).
Metal analysis in solution
Determination of W was performed using inductively coupled plasma atomic emission spectroscopy (ICP-AES, Thermo Scientific iCAP 6000 series ICP spectrometer). Standards were prepared in 0.1 vol% NaOH and calibration was based on a blank value of zero (0.1 vol% NaOH) and at least three calibration standards covering the sample concentration range (10- Particle size measurements by means of photon cross correlation spectroscopy
A stock solution was prepared as described above. After diluting the stock solution to a NP concentration of 0.1 g L −1 , 1 mL of the solution was added to a cuvette (Eppendorf AG, Germany, UVette Routine pack, Lot # C153896Q). This was repeated twice, generating three replicates. The replicates were analyzed by photon cross-correlation spectroscopy (PCCS) using a Nanophox instrument (Sympatec GmbH, Clausthal, Germany). The samples were incubated at 25°C (Cultura mini-incubator 13311, Merck) between the measurements.
Before initiation of the first measurement, the instrument was put on standby for 2 min in order to let the temperature of the replicates be 25°C. A latex standard was tested prior to analysis in order to ensure the accuracy of the instrument. The algorithm used to obtain the mass size distribution was the non-negative least squares (NNLS) analysis. The results are presented as d 50 values obtained from the intensity size distribution measurements.
Zeta potential measurements
The electrophoretic mobility of the NPs was measured using a Malvern Zetasizer Nano Z instrument. The NPs were first dispersed in an ultrasonic bath for at least 3 min and then transferred using a syringe to Malvern Zetasizer Nanoseries cuvettes, avoiding the rapid sedimentation of the particle fraction. The Smoluchowski approximation was used to calculate the zeta potential from the electrophoretic mobility. The electrophoretic mobility was measured in triplicate readings for each sample.
Transmission electron microscopy
Transmission electron microscopy (TEM) investigations were performed using a Hitachi HT7700 microscope, operating at 100 kV. Samples were prepared by dispersing the particles in butyl alcohol at a concentration of 1 g L −1 and sonicated as described above. The suspensions were then pipetted onto TEM copper grids coated with holey carbon films (Ted Pella) from which the solvent evaporated under ambient laboratory conditions (20°C). TEM images were recorded in bright field mode.
Nitrogen absorption measurements
The surface area to weight ratio (specific surface area) of each powder was determined by means of the Brunauer-EmmettTeller method 23 (Micromeritics GEMINI V) that measures the adsorbed amount of nitrogen under cryogenic conditions.
X-ray photoelectron spectroscopy
With X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS UltraDLD X-ray photoelectron spectrometer (Kratos Analytical, Manchester, UK) driven by a monochromatic 150 W Al X-ray source, the outermost (5-10 nm) surface of the NPs was investigated (analysed areas approximately sized 700 × 300 μm). Detailed spectra were obtained for C 1s, O 1s and W 4f. The NPs were mounted on copper tape, which did not contribute to the signal, to fix them against the diffusion in the applied vacuum inside the ultra-high vacuum instrumental chamber. All binding energies were corrected to the C 1s contamination peak at 285.0 eV.
Attenuated total reflection Fourier transform infrared spectroscopy
A Bruker Tensor 37 FTIR spectrometer was used together with a Platinum ATR-IR accessory. The ATR-IR spectroscope 
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was equipped with a diamond crystal and the angle of incidence of the IR beam was 45°. The spectra were collected at 4 cm −1 resolution and 256 scans were co-added for each spectrum.
The WC NPs were dispersed as described above, with the difference being that the medium was ethanol and that the particle loading was 2.5 g L −1 in the sonicated stock solution.
This dispersion was drop cast onto the ATR crystal. The total deposited volume was ca. 50 μL. The film was left for 2 h before measurement. After that, an ATR-IR flow accessory was put onto the film and surface water was used to rinse the system to remove any loosely attached NPs. A spectrum of the particle film and surface water was used as the background for the studied NP solutions of interest. Control experiments confirmed the lack of contribution from the bulk species in the absorption spectra of the WC NPs.
Volumetric centrifugal method (VCM)
NP dispersions were prepared as described in the section on Nanoparticle dispersion above. After that, 0.1 mL of the dispersion was added to 0.9 mL of 20 mg L −1 humic acid at pH 6.2 in a PVC cell culture tube (TPP, Switzerland, Lot # 20090063). Three replicates and one blank were prepared. The cuvettes were then centrifuged for 1 h at 3000g (Centrifuge 5702, Eppendorf). The volume of the pellet was determined using a sliding ruler equipped with a magnifying glass device from TPP (product no. 87010). The effective density of the WC agglomerates was determined to be 2.4 ± 0.3 g cm −3 , as deduced from a pellet volume of 0.09 ± 0.02 μL. See more details of the VCM elsewhere for calculating the effective density. 24 The bulk density of WC (15.63 g cm −3 ) was used in the calculation. The assumed packing factor was set to 0.634, which corresponds to randomly packed spheres. 25 
Sedimentation velocity calculations
Predictions of the NP sedimentation velocity were mainly based on the work of Hinderliter et al., 
Daphnia magna toxicity and uptake
In order to evaluate the toxicological effect of the WC NPs from a food chain perspective, we first exposed algae (Scenedesmus sp.) to WC NP concentrations ranging from 100 mg L −1 to 0.001 mg L −1 . The WC NPs were dispersed using ultra-sonication for 10 min in 50/50 pulse mode (Heat Systems model CL4, Heat Systems). The concentrated dispersion was added to an algal suspension and the solution was mixed for two minutes and left to stand for 24 h. A control treatment containing only water and algae was used as reference. After 24 h, the solutions were mixed again and ten D. magna, originating from a laboratory culture collected in Lake Bysjön (southern Sweden), were introduced into each tube where they could feed on the algae for 24 h. Thereafter, the number of surviving individuals was recorded in each tube. Each treatment was replicated three times and the data were analyzed by oneway ANOVA using GraphPad Prism (version 6.0h). A set of replicates (i.e. one control + WC NP treatments) was rerun if the mortality in the control exceeded 20%.
To quantify the uptake of WC by D. magna, 15 D. magna were exposed to algal suspensions containing WC NPs with concentrations of 10 and 0.1 mg L −1 , as described above. A control treatment containing only water and algae was used as reference. After 24 h of feeding on the algal suspension, all individuals were isolated from each treatment using a small mesh filter (mesh size ∼250 μm) and rinsed with MilliQ water. After rinsing, each individual animal was measured using a stereo microscope (Olympus SZX7), placed in individual tubes, frozen at −80°C and freeze dried for 24 h. The individual animals were digested in 1.5 mL of H 2 O 2 , 1.5 mL of 0.2% NaOH and 3 mL of MilliQ water using a Metrohm 705 UV Digester for 15 min. Thereafter, the tungsten was dissolved and analyzed according to the method described above. This whole procedure resulted in a recovery of >90% for added WC NPs in control experiments. All measured concentrations were normalized to animal dry mass according to the length-weight relationships described by Dumont et al. 27 and Bottrell et al. 28 Measurements that fell below the detection limit of 0.03 μg per mg dry weight of D. magna were all set equal to the detection limit (i.e. 0.03) to enable analysis of the data. The detection limit for the uptake was based on the detection limit of ICP (5 μg L −1 ). Differences in the uptake were analyzed by one-way ANOVA using GraphPad Prism (version 6.0h).
Joint expert speciation system
Joint expert speciation system (JESS, v. 3.0) software 29 
Results and discussion
Characteristics of the studied WC NPs
Particle and surface characteristics of the WC NPs are given in Table 1 and the TEM pictures show the primary particle sizes varying between 20 and 200 nm (Fig. 1) . The exact isoelectric point of WC could not be determined as it was very SW + 0.1 mM 2,3-DHBA, and SW + 0.1 mM 3,4-DHBA. The results show that >99 wt% of the WC NPs sediment within 10 h, as investigated in a container with a 10 mm media height. The sonication procedure was not capable of totally dispersing the WC NP powder as seen from the initial presence of large-sized agglomerates. Extensive agglomeration is expected for non-functionalized metal NPs with moderately low zeta potentials (approx. |20| mV) due to the strong attractive van der Waals forces between the NPs. 22 The reduction in the size of the agglomerates over time indicates sedimentation of the larger-sized agglomerates, leaving the smallersized particles in the solution. Fig. 3 shows theoretical estimates of the sedimentation rates of WC NPs using the ISDD model. The modelling used the measured effective density (2.4 ± 0.3 g cm −3 ) of the WC agglomerates in 20 mg L −1 humic acid at pH 6.2. The measured effective density was significantly smaller than the bulk density of WC (15.63 g cm −3 ), due to the porosity and fractal nature of the agglomerates. 26 Its value was in the same order, although somewhat higher, compared to those obtained from measurements of other metal NPs in biological media. 31 The results in Fig. 3 are qualitatively in line with the reduction in size with time as seen for the WC agglomerates in Fig. 2B . The sedimentation velocity for the 150 nm sized agglomerates was significantly reduced (approx. 10 times) compared with the 500 nm sized agglomerates. By assuming 500 nm sized agglomerates, the calculated sedimentation rate in Fig. 3 is almost a factor of two lower than the observed rates in Fig. 2B . This underestimation of the calculated sedimentation rate could be related to the fact that the flow of water through the agglomerates is not considered in the ISDD calculations. 32 Also, the presence of <500 nm sized agglomerates ( Fig. 2) will influence the comparison. The data in Fig. 2 and 3 imply that the transport of the larger sized WC particles will be very limited and that the smaller sized particles and agglomerates (<150 nm) are more mobile and have the potential for further transport to other settings. This is however only true if homoagglomeration is considered. The possibility of the formation of heteroagglomerates, which is often an important factor for NP transport, 33, 34 still needs to be investigated. For example, Peltola et al. found WC attached to mineral grains in street dust. 8 A factor that can counteract the transport is the retention of tungsten by soil and minerals. 2 No stabilizing effect of either DHBA or humic acid was observed on the WC NPs, as seen from the results in Fig. 2 . Moreover, the ATR-IR data showed no peaks corresponding to the adsorption of the functional groups of DHBA or humic acid (Fig. 4) . To our knowledge, no literature studies that investigate the surface interactions between WC particles and organic molecules relevant to natural waters exist. WO 3 , which is present on the WC NP surface (Table 1) , has under vacuum been seen to molecularly adsorb alcohols, with dissociation taking place at higher temperatures. 35 The reactivity of WO 3 can however be low due to the lattice structure with large distances between Lewis acid and base sites. 36 ATR-IR revealed an increase in the thickness of hydrated WO 3 on the WC NP surface over time as deduced from the peaks at 895 and 960 cm −1 . 37 An example of this increase is shown for SW + 0.1 mM 3,4-DHBA in the inset of Fig. 4 . Consistent with the lack of surface interactions between DHBA and the WC NPs, the presence of DHBA did not cause any significant changes in the zeta potential (values were approx. −20 mV). These observations are hence in line with the results in Fig. 2 , showing no improvement in particle stability upon interaction with either DHBA or humic acid. For comparison, both DHBA molecules and humic acid adsorbed readily on Al NPs, Cu NPs, and Mn NPs through hydroxyl and carboxylate groups, as deduced by ATR-IR, a process that changed the zeta potential of these NPs (data not shown). Conversely, soil with high natural organic matter contents (NOM ≈ 90%) has shown a significantly higher capacity to adsorb tungsten compared with soil of lower NOM contents, which indicates an interaction with NOM.
1 WC NPs have also been shown to be stabilized by bovine serum albumin. 38 Clearly, more studies are needed to elucidate the interaction between tungsten alloys, including WC NPs, and NOM. The dissolution of the WC NPs over time (defined as the total amount of tungsten able to pass through a 20 nm pore size membrane filter) and their corresponding release rates are shown in Fig. 5 33 The only significant differences in the release rates were observed for the WC NPs in SW + 3,4-DHBA compared with those for 2,3-DHBA and SW for 528 h, as deduced with a Student's t-test (p < 0.05). The difference in the 528 h time point cannot be explained at this time. As no surface interactions were observed between DHBA and the WC NPs, the minor, or lack of, differences in the release rates between the different solutions are expected. The speciation of released W from the WC NPs in SW and DHBA was estimated by JESS. The results showed that 100% of the soluble W exists as WO 4 2− , both in SW and in SW + 2,3-DHBA and SW + 3,4-DHBA. It can however be noted that the database used for the speciation of W did not contain any information on the binding constants between DHBA and W.
Upon further considering the possible negative effects of soluble tungsten, it can be noted that high concentrations, around a 1% mass basis, are needed for adverse effects in soil. 12 The particle size is important since the lower the tungsten particle radius, the lower the threshold for imparting toxicity to soil microbials. 
Daphnia magna toxicity and uptake
The WC NPs did not cause any acute toxicity during a 24 h exposure for loadings between 100 and 0.001 mg mL −1 (oneway ANOVA: F 6,14 = 0.3200, P = 0.9157, Fig. 6A ). Some mortality was observed in all treatments, and the highest recorded mortality in the control and WC NP treatments was 10% and 30%, respectively (Fig. 6A) . However, all treatments had one replicate with a 100% survival, indicating that this mortality is likely caused by natural causes rather than the addition of WC NPs. One set of replicates was rerun as the mortality in the control for this set was above 20%. The highest concentration of WC NPs investigated herein (100 mg L −1 ) is higher than the total concentration of tungsten found in the environment (e.g. up to 25 mg L −1 in road runoff 40 ). The lack of acute toxicity by the WC NPs indicates no elevated toxicity compared to the soluble form of tungsten, as an EC50 value of 89 mg L −1 for W 6+ has been determined for D. magna. 13 As a comparison, the LC50 values for Ag NPs have been reported to be in the range of 1-10 μg L −1 for D. magna. 41 Even though there were no acute effects observed, it is still unclear however if chronic effects may take place. There was a significant difference in the amount of WC NPs taken up by D. magna in the different treatments (oneway ANOVA: F 2,42 = 26.21, P < 0.0001). A Tukey's multiple comparison test revealed that the uptake in the 10 mg L −1 treatment was significantly different from both the control and the 0.1 mg L −1 treatment (P < 0.0001). The uptake in the 0.1 mg L −1 treatment did not differ from that in the control (P > 0.05), Fig. 6B . The rate of uptake for the 24 h exposure to WC NPs was around 1 mg g −1 (dry weight) h −1 , which is in the same order as that observed for e.g. TiO 2 (ref. 17) and Ag NPs. 18 Significant agglomeration and sedimentation of the WC NPs as observed in the environmental media ( Fig. 1) were also observed in the D. magna exposures (data not shown). Apparently, this did not hinder the uptake of WC NPs from taking place.
Conclusions
In this work, we have for the first time studied the interaction between NOM and WC NPs and investigated whether WC NPs induce any acute toxicity for Daphnia magna. The dissolution of tungsten from the WC NPs was continuous and the relatively low dissolution rate (on the order of 0.03 mg m −2 h −1 ) implies that transport will not be severely limited from a dissolution perspective. The affinity between the WC NPs and humic acid or DHBA was very low, with no evident surface adsorption taking place. The lack of surface interactions and stabilizing effects by these organic molecules, in combination with a relatively high effective density of WC NP agglomerates in humic acid, resulted in the substantial agglomeration and sedimentation of the WC NPs. The WC particle fraction sized around 150 nm remained for a longer time in the solution compared with the larger sized agglomerates. The smaller-sized fraction should hence be considered in future studies as it is this fraction that is most likely mobile and can be transported to other aquatic settings. Despite substantial particle agglomeration and sedimentation, WC NPs were clearly taken up by D. magna. This uptake may result in the bioaccumulation of WC in higher trophic level. However, no acute toxic effects were observed, even at concentrations higher than those recorded in the environment. 
